Microelectronics and microsystems have been part of the key technologies that enabled the incredible pace of development we have seen over the last five to six decades. This paper presents a basic view in terms of technology development supporting new approaches to generation and transfer of knowledge for critical activities, one of the key ones being the ability to capture, store and more efficiently use energy.
INTRODUCTION
Civilization has evolved over the millennia by the process of knowledge transfer, beginning with the ability to tell stories -the act of one generation transferring its (and previous generations') accumulated knowledge base to the next. This accumulation of knowledge and tools have sped up at an incredible pace over the last several hundred years; one could argue that microelectronics and microsystems are simultaneously the key examples and enablers of the latest stage of this incredible development. David Hume, in 1700s wrote about diffusion of knowledge, comparative advantage and their relation to international trade. In his 1936 address to the Royal Institution of Great Britain, H.G. Wells talked about the "World Encyclopedia" as a permanent, free and authoritative source of information for the world and Arthur C. Clarke elaborated further on the subject in 1960s, almost envisioning the current state of the world wide web and potential further developments.
In parallel to the accumulation of knowledge is the other key enabler: access to energy, higher energy density sources and technology to more efficiently use those resources. The development of thermodynamics was mainly driven by the desire to understand heat flow and build better steam engines. With every improvement in available energy sources, from wood to coal to oil (and natural gas) and to electricity, and with their improved utilization, a great jump in development followed. This paper presents a collection of technologies and tools that are aimed at specific technological improvements with the overarching view that all these specific technologies along with others being developed and to be developed are supporting the two processes listed above: knowledge generation and transfer, and the ability to access, store and use energy with ever improving efficiency.
TECHNOLOGY EXAMPLES

Microsystems Enabled PV (MEPV)
Photovoltaics (PV) has been one of the fastest growing renewable energy technologies and has attracted a great deal of attention and has seen rapid technological development along with wind, geothermal and next generation biofuels. The photovoltaics industry has scaled to 50 GigaWatt-peak (GWp) per year production capacity, while the world-wide installations have reached 28GWp in 2011. As a rough reference, US installed generating capacity is around 1TeraWatt (TW -1,000 GW). Despite the recent developments, large capacity improvement and cost reductions in the conventional PV technology, still larger cost reductions and better flexibility in integration and deployment of solar is desired.
Our approach to this challenge, Microsystems enabled Photovoltaics (MEPV), leverages the huge investment that has already been made in microelectronics industry and uses the same exact tools, fabrication lines and materials to rapidly scale to high production volumes and simultaneously lower costs (below $0.50/Wp at panel level, levelized cost of electricity -LCOE of < ¢7/kWhr) and enable new deployment and integration options 1, 2 . Some of the device examples are shown in Fig. 1 . These cells are fabricated using standard IC fabrication techniques and then integrated into the final form factor (flexible/rigid, dense/sparse) with microelectronics assembly tools and provide some new options that could leverage printing technology. The benefits of using micro-scale cells start at utilization of minimal amounts of semiconductor material, improved device (cell) performance and accumulate in very interesting ways all the way up to system level benefits such as low weight, unique power management and state-of-health monitoring options, easier deployment and simpler tracking for maximum power harvesting. Final metric for all large scale power generation technologies is cost and scalability, and MEPV has the potential to achieve very low costs (on par with and below current generation technologies), very large distributed generation option and 10s to 100s of GWp/year production levels, with existing material supply and fabrication facilities.
In addition to enabling utility and commercial scale PV installations, this approach allows PV cells to be integrated into almost any form-factor with very high efficiency, which is currently not possible. The flexible, integrated PV and utility scale deployments highlight the extreme ends of the application space: one where lowest cost and longest possible lifetime are almost the only parameters of interest, and the other where cost is a secondary consideration behind functionality, low weight and high power output per unit area. Our approach with the same technology base addresses this wide spectrum of applications and provides large improvements in each case over the current solutions.
Neuro-inspired Computational Approaches
Conventional computational approaches (von Neumann/ stored program architecture) have been at the core of Information Technology revolution that was enabled by microelectronics. An interesting historical note is that von Neumann, Ulam and other colleagues involved in the development of the first computers thought that 10,000 switches was the practical limit to computational machinery with their architecture 3 , and the future belonged to non-deterministic computation and statistical, probabilistic codes. Despite the amazing developments fueled by Moore's law, the stored program architecture has reached 3 limits -two physical limits and one originating in the applications space. First physical limit is the device scaling, beyond 22nm and projected scaling to 11 and 7nm nodes, device physics and fabrication challenges seem quite steep. Even if new device and system arrangements become possible, the second limitation, power dissipation still remains insurmountable. The third one, from the application space, is the fact that the most challenging problems facing computation right now are posed by extremely large, noisy, incomplete, "natural" data sets.
In contrast to the potential saturation of performance in conventional computational systems, another area is going through an amazing data explosion and growth phase, interestingly again enabled by microelectronics: neuroscience has been generating and gathering immense data sets in some cases with resolution down to individual protein level, with the goal of trying to understand how neural systems work. There is also a large effort from the computational systems and architecture side, trying to model neural systems.
Emergence of a new computational approach that is based on neural systems seems possible in the near future, through several related pathways. One is the immediate application and integration of sub-circuits and system components with better features (smaller, faster, lower power than conventional circuits) into larger conventional computational systems. Next path involves the higher level of integration of the basic neuro-inspired sub-circuits into larger hierarchical systems, still with conventional electronic systems acting as the input, output and some internal data management functions. The grander goal of having a full physical description of processes and architectures that underlie cognition could also benefit greatly from these systems where intricate temporal and spatial detail of network behavior can be observed and tested, along with the modeling driven efforts. 
Artificial Retina
The interface between electronic and biological/neural systems has been intensely studied and in the last 20 years, some incredible systems have become available in providing the desired functionality. The cochlear implant is the most widely available example, and the retinal implant has been under development and is approaching the next stage of deployment. The DOE Artificial Retina program was aimed at providing the technology development expertise and capability that was needed to accelerate the retinal implant project. Over a period of nearly ten years, several national laboratories, universities and commercial partners collaborated on developing the next generation of components and technology improvements that helped further improve the overall system 4 .
Basic functionality of the device relies on the electrical stimulation of remaining healthy cells in the retina after light sensitive cells (photoreceptors) have been lost due to disease. An external camera captures the desired image and electronic components process this information and generate the necessary parameters for the electrical stimulation of the retina (Fig.3) .
The retinal implant system is going through further development and has also been in clinical testing which greatly informs the next stages of development. The retina and the visual system has been studied in great detail and this system provides a very interesting and exciting avenue for further development of neural prostheses as well as for guiding our understanding of the details of neural systems such as neuro-computation and plasticity. 
Neural Probes
Detailed study of neural tissue has been a critical component in the development of our understanding of neural systems. Specifically, measurements that allow the recording of electrical signals in neural tissue have guided a large portion of the developments and deeper insights, along with other techniques. To help improve some aspects of this measurement technique, we have developed neural probes on silicon chips that can be actuated for positioning after implantation without needing external motors and actuators 5 . This project has been an on-going collaboration between our group and Jitendran Muthuswamy's group at ASU. The devices have been designed, fabricated, tested and partially assembled at our facility and further assembly and testing has been carried out at the Neural Microsystems Laboratory at ASU. 
Silicon Nanowires
Novel electronic materials and devices have been attracting more attention as a part of the search for the next generation of microelectronic systems. Silicon nanowires present an interesting avenue for the development of these novel devices for new computational approaches and architectures. A key benefit is the compatibility of these devices with conventional CMOS processing where the novel devices perform several specialized tasks while the CMOS circuitry provide the other functions and coupling to the conventional electronic systems. These devices were fabricated in a front-end CMOS compatible process flow 6 , and the resulting devices have very good transistor behavior (subthreshold swing of 70mV/dec, Ion/Ioff > 10 ). In addition to excellent transistor behavior, other novel device configurations that utilize the silicon nanowires have the potential to enable new architectures while leveraging unique device integration options.
Micro-Photoacoustic Spectroscopy (uPAS)
Detection of trace amounts of gasses is of great interest in many applications. Photoacoustic spectroscopy (PAS) is a well-established technique in which specific wavelengths of light that are absorbed by species of interest are shone through a cavity and the resulting pressure pulse (due to the absorption of light) is detected acoustically. The intensity of the recorded pressure pulse and the specific wavelength provide the concentration and chemical species information.
We have been developing a miniaturized version of the PAS setup with very sensitive optical microphones performing the acoustic detection function. The acoustic chamber is relatively small (on the order of several mm 3 ) and is not intended to be resonant during operation. Sensitivity levels that are possible reach into the part-per-million (ppm) for conventional PAS systems, our goal is to achieve as high of as sensitivity as possible with this miniaturized version. 
High Speed, Ultra-high Pressure Sensors
We have developed gigahertz bandwidth (nanosecond time resolution), giga-Pascal pressure sensors for characterization of energetic materials. These measurements allow previously unavailable data points for characterization and modeling of materials in greater detail in extreme environments 7 . Figure 9 . Test setup and optical image of aluminum nitride/CMOS integrated pressure sensors.
CONCLUSIONS
Microelectronics and microsystems are among the latest group of additions to the tool set that is available for further development of human civilization, and it has been argued that the pace of development is accelerating even further, along with a note of caution for the prediction of pace of development that no exponentially growing function lasts forever. The examples presented in this paper point to some of the possibilities for continued development in the technology space and also make the case for continued progress for humankind, rather than the alternative of a Malthusian (resource depletion) catastrophe.
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